Human Top1 (topoisomerase I) relaxes supercoiled DNA during cell division and transcription. Top1 is composed of 765 amino acids and contains an unstructured N-terminal domain of 200 amino acids, and a structured functional domain of 565 amino acids that binds and relaxes supercoiled DNA. In the present study we examined the region spanning the junction of the N-terminal domain and functional domain (junction region). Analysis of several published Top1 structures revealed that three tryptophan residues formed a network of aromatic stacking interactions and electrostatic interactions that anchored the N-terminus of the functional domain to sub-domains containing the nose cone and active site. Mutation of the three tryptophan residues (Trp 203 /Trp 205 /Trp 206 ) to an alanine residue, either individually or together, in silico revealed that the individual tryptophan residue's contribution to the tryptophan 'anchor' was additive. When the three tryptophan residues were mutated to alanine in vitro, the resulting mutant Top1 differed from wild-type Top1 in that it lacked processivity, exhibited resistance to camptothecin and was inactivated by urea. The results indicated that the tryptophan anchor stabilized the N-terminus of the functional domain and prevented the loss of Top1 structure and function.
INTRODUCTION
Human Top1 (topoisomerase I) is a type 1B enzyme that relaxes supercoiled DNA during transcription and cell division [1] [2] [3] [4] . Top1 binds supercoiled DNA and attacks a backbone phosphate with the active-site tyrosine (Tyr 723 ), resulting in a tyrosylphosphate bond to the 3 end of the − 1 scissile-strand cleavagesite deoxynucleoside, leaving a free 5 -OH on the + 1 scissilestrand cleavage-site deoxynucleoside (+1 deoxynucleoside) [5] [6] [7] . After Top1 makes the above covalent complex with DNA, the + 1 deoxynucleoside rotates out of the helix where it is trapped in a network of electrostatic interactions with Top1 residues [8] [9] [10] . After the DNA is fully relaxed, rotation of the + 1 deoxynucleoside back into the helix is favoured so that its 5 -OH can attack the tyrosyl-phosphate bond, religate the DNA backbone, and allow Top1 to disassociate from the fully relaxed DNA [9] . As a result, Top1 is a processive enzyme since it releases DNA only after it is fully relaxed.
Top1 is composed of 765 amino acids [11] , and can be divided into two general domains ( Figure 1 ): (i) the N-terminal domain, which has not been shown to have tertiary structure and so is referred to in the present study as being 'unstructured', contains four basic NLSs (nuclear localization signals) [12] as well as an acidic NLS [13] ; and (ii) the functional domain, nearly all of which is resolved in several X-ray crystal structures of Top1 in complex with DNA ( Figure 1 ) [14, 15] . The functional domain contains three previously described sub-domains: (i) the core that contains the majority of amino acids that interact with DNA and is defined in the present study to include amino acids 201-635; (ii) the flexible linker that joins the core and C-terminus (amino acids 636-697); and (iii) the C-terminus that contains the catalytic Tyr 723 (amino acids 698-765) [6] .
Mo et al. [13] analysed the NLSs in the Top1 N-terminal domain for their role in Top1 nuclear and nucleolar localization. They determined that NLS 1 ( Figure 1 ) is not sufficient for Top1 nuclear localization in HeLa cells, and that although NLS 3 and 4 are not important for nuclear localization NLS 4 is important for nucleolar localization. Interestingly, they found that NLS 2, a typical basic NLS, and a newly discovered acidic NLS were each independently sufficient for nuclear/nucleolar localization of Top1 [13] . They speculated that these two NLSs may be used by two different nuclear receptors [13] .
The region of Top1 that spans the C-terminus of the N-terminal domain and the N-terminus of the functional domain is designated in the present study as the junction region (amino acids 186-215; Figure 1 , inset). Several groups have analysed residues within this junction region for their role in Top1 activity and have come to different conclusions. Lisby et al. [16] concluded that amino acids 191-206 (including NLS 4) were important for CPT (camptothecin) sensitivity because their p67 construct (amino acids 207-765 plus ten non-native N-terminal residues) was resistant to CPT during relaxation of negatively supercoiled DNA, although it was not resistant when a dsDNA fragment was used. However, their results did not exclude the deletion of amino acids 201-206, which lacks an NLS, from being solely responsible for the resistance of their p67 construct [16] . In contrast, Christensen et al. [17] found that amino acids 190-210 were not required in vitro but were required in vivo [17] . However, Christensen et al. deleted amino acids 190-210 from full-length Top1 resulting in amino acids 169-189 having the opportunity to make substitute Van der Waals and electrostatic interactions in place of the deleted residues, and those substitute interactions could be more stable in vitro than in vivo [17] . Alsner et al. [18] reported that deletion of amino acids 141-210 from full-length The human Top1 N-terminal domain and functional domain are indicated, as are the basic NLSs 1-4 and an acidic NLS (A). The shaded N-terminus of the functional domain (amino acids 201-240) corresponds to the red backbone in Figure 5 . Inset: junction region residues including the N-terminal domain NLS 4 (underlined) and the N-terminal residues of the functional domain.
Top1 resulted in a Top1 that had full activity in vitro; however, as a result of the deletion, Top1 amino acids 71-140 had the opportunity to make substitute interactions in place of the deleted residues [18] . The above recombinant Top1 forms contained either non-native N-terminal residues, or displaced native residues due to internal deletions. In both cases, residues had the opportunity to make potentially stabilizing interactions with Top1 functional domain residues and this could complicate the interpretation of the above results. Interestingly, while NLS 4 has been part of all Top1s in published Top1-DNA X-ray crystal structures, it has always been disordered [7, 14, 15, 19] .
In the present study we examined the minimal structural requirements for Top1 relaxation of positively supercoiled DNA in vitro. In the process of doing that, we found a cluster of three tryptophan residues within the junction region that were found to play a key role in Top1 structure, function and inhibition.
EXPERIMENTAL

Constructs
The following plasmid constructs were used in the present study: pTop65 has an initiator methionine codon followed by Top1 codons 214-765; pTop68 has an initiator methionine codon followed by six histidine codons and four codons encoding the Factor Xa protease-cleavage site, and then Top1 codons 201-765; pTop68W/A is the same as pTop68 except that Trp 203 , Trp 205 and Trp 206 were mutated to alanine; pTop69NLS has an initiator methionine codon followed by six histidine codons and four codons encoding the Factor Xa protease-cleavage site, and then Top1 codons 189-765. All Top1 constructs contained 5 BamHI and 3 EcoRI restriction sites that were used to clone them into pBacgus-1 (Novagen). The pBacgus-1 vector expresses β-glucuronidase and it is required for cytoplasmic accumulation of Top1 due to its ability to protect Top1 from proteases in the insect cell cytoplasm (results not shown).
Insect cells and baculovirus
Sf9 insect cells were used for generating and amplifying all of the Top1 recombinant baculoviruses, and HiFive insect cells (Invitrogen) were used for recombinant baculovirus-directed Top1 expression as previously described [20] .
Recombinant Top1 expression and purification
Recombinant Top1 baculovirus-infected insect cells in medium were centrifuged at 2000 g and the pellet was resuspended in ice-cold lysis buffer [25 mM Tris/HCl (pH 7.5), 100 mM NaCl, 5 mM EDTA, 0.5 % Nonidet P40, 4 mM 2-mercaptoethanol and 10 mM PMSF] and then incubated on ice for 10 min. The sample was then centrifuged at 6000 g for 20 min and the supernatant was then dialysed against 25 mM Tris/HCl (pH 7.5) and 4 mM 2-mercaptoethanol to remove the EDTA. Top65, which does not contain a His 6 tag, was purified from the insect cell lysate on a HiTrap Q HP column (Amersham Biosciences) in buffer A [25 mM Tris/HCl (pH 7.5), 5 mM 2-mercaptoethanol and 5 mM EDTA] and eluted with buffer B (buffer A with 1 M KCl). The Top65 peak fraction was dialysed against buffer A, made up to 50 % glycerol, and stored at − 20
• C. Top69NLS-, Top68W/Aand Top68-containing insect cell lysates were batch-bound first to Q Fast Flow medium, and then SP Fast Flow medium, in 25 mM Tris/HCl (pH 7.5) (Amersham Biosciences). The Top1-containing supernatants were then made 2 M KCl and 5 mM PMSF, and bound to HiTrap-chelating HP medium (Amersham Biosciences). The respective Top1s were eluted with an imidazole gradient and dialysed against buffer A. Top69NLS and Top68 were loaded on to a HiTrap SP HP column in buffer A and eluted with buffer B, whereas Top68W/A was purified on a HiTrap Q HP column as described for Top65. The peak protein fractions were dialysed against buffer A containing 5 mM DTT (dithiothreitol), made 50 % glycerol and stored at − 20
• C. All Top1s were 90-95 % pure as judged by Coomassie-Blue-stained SDS/PAGE (results not shown).
Cleavage of the His 6 tag from Top1 constructs
Top69NLS, Top68 and Top68W/A contained an N-terminal His 6 tag followed by a Factor Xa protease-cleavage site. The His 6 tag was removed by Factor Xa protease (Amersham Biosciences and New England BioLabs), a serine protease, during a 5 h incubation at 21
• C in 5 mM CaCl 2 , 100 mM NaCl and 50 mM Tris/Hcl (pH 8.0). The Factor Xa protease/Top1 molar ratio was 1:10. Reactions were then made 1 mM AEBSF [4-(2-aminoethyl)benzenesulfonyl fluoride] to irreversibly inactivate the Factor Xa protease. Cleavage of the His 6 tag was monitored by running aliquots of the proteins, before and after cleavage, in SDS/PAGE. The SDS/PAGE gels were then stained with GelCode ® 6×His Protein Tag Stain (Pierce), followed by illumination with UV to visualize His-tagged proteins. On average, ∼ 95 % of the His 6 tags were removed from Top69NLS, Top68 and Top68W/A (results not shown). The above SDS/PAGE gels were subsequently stained with Coomassie Blue, and it was found that there was no significant non-specific cleavage of Top69NLS and Top68 by Factor Xa protease. However, ∼ 25 % of Top68W/A was cleaved non-specifically, most likely at a cryptic factor Xa cleavage site [21] . Purified proteins were quantified using Coomassie Plus reagent at 595 nm using BSA as a standard (Pierce). Note that after Factor Xa protease cleavage the Top69NLS, Top68 and Top68W/A proteins contained only native N-terminal residues. Top1s without His-tags were stored in 50 % glycerol at − 20
• C. Note that after cleavage to remove the His-tag from Top68W/A it was used within five days as it gradually lost activity during storage at − 20
• C.
Top1 supercoiled DNA relaxation assays
Reaction mixtures (10 µl) contained 0.12 µg of positively supercoiled phiX174 RF DNA (Invitrogen) and one of the following enzymes at the indicated concentration: Top69NLS, 1.5 nM; Top68, 1.5 nM; and Top68W/A, 6 nM. When indicated, either CPT or urea was added to give the indicated concentration in the reaction mix prior to the addition of enzyme. Note that Top68W/A and Top65 50 % glycerol stocks were diluted in reaction buffer [10 mM Tris/HCl (pH 7.4), 100 mM NaCl, 5 mM MgCl 2 and 0.1 mM DTT] on ice and then used immediately to prevent loss of activity, all other Top1s were stable when diluted. Reactions were terminated by making reactions 1 % SDS, and then 4 µl of 4× loading buffer (20 % glycerol and 0.15 % Bromophenol Blue) was added, with reactions then loaded into 0.8 % agarose TBE gels. After electrophoresis, the gels were stained with 1× buffer solution containing 10 µg/ml ethidium bromide, destained using 1 mM MgSO 4 , and visualized by transillumination with UV light (300 nm). Assays were performed at least three times and representative gels are shown.
End-labelling of oligonucleotides
Oligonucleotides were based on a high-affinity tetrahymena rDNA Top1-cleavage site [22] . The oligonucleotides were obtained from Oligosetc (PAGE purified). The single-stranded scissile-strand oligonucleotide was 3 -end-labelled with [ 32 P]dideoxyadenosine (Amersham Biosciences) to give a 33-mer oligonucleotide 5 AAAAAGACTt/GAAACGTTTTACAACAA-TTAAAA * 3 with / indicating the cleavage site, t indicating the − 1 thymine to which the Top1 active site Tyr 723 makes a covalent bond, and A * indicating the [ 32 P]dideoxyadenosine label. Oligonucleotides were annealed with a 5 molar excess of unlabelled non-scissile-strand oligonucleotide to form dsDNA in annealing buffer [10 mM Tris/HCl (pH 7.4) and 100 mM NaCl] by heating for 4 min at 95
• C and then cooling at a linear rate from 90
• C to 24
• C in 60 min.
Top1 dsDNA cleavage assays
The end-labelled 33-mer dsDNA substrate (∼ 10 nM) was incubated with 10 µM CPT and one of the following enzymes at the indicated concentration: Top69NLS, 7.5 nM; Top68, 7.5 nM; and Top68W/A, 30 nM. Reactions were incubated for 15 min at 23
• C in assay buffer [10 mM Tris/HCl (pH 7.4), 100 mM NaCl, 5 mM MgCl 2 and 0.1 mM DTT]. Note that the Top68W/A 50 % glycerol stock was diluted in reaction buffer on ice and then used immediately to minimize loss of activity, the other Top1s were stable when diluted. Reactions were stopped by addition of SDS to 1 %. To prepare the sample for electrophoresis, 3 vol of loading buffer (98 % formamide, 1 mg/ml xylene cyanol and 1 mg/ml Bromophenol Blue) were added to reaction mixtures. Samples were run in 20 % denaturing polyacrylamide gels (7 M urea) at 60 W for ∼ 2 h. Imaging and quantification were performed using a PhosphorImager and ImageQuant software respectively (Molecular Dynamics). The experiment was replicated and a representative gel is shown.
Computational chemistry
The X-ray crystal structure by Staker et al. [23] of a Top1-DNA-inhibitor complex was modified using Discovery Studio 2.0 (Accelrys): (i) the crystallographic PEG [poly(ethylene glycol)], Hg, oxidized topotecan and all waters were removed; (ii) amino acid side chains with missing atoms were built out; (iii) hydrogens were added and then the molecule was typed with the CFF (consistent forcefield); and (iv) indicated trytophan residues were mutated to alanine. The wild-type and W/A mutant Top1 structures were then minimized with no constraints using steepest descent followed by conjugate gradient with an implicit distantdependent dielectric solvent model (dielectric constant of 3) until a final convergence of 0.5 was reached. The interaction energy between Top1 residues 201-214 for the wild-type and W/A mutants, and Top1 amino acid residues 215-765 and bound DNA were then calculated. The tryptophan anchor was analysed for intramolecular hydrogen bonds using the default hydrogen-bond parameters. 
RESULTS AND DISCUSSION
A structure-based analysis and mutagenesis of Top1 was carried out in order to examine how the unstructured N-terminal domain and the highly structured functional domain coexisted in a solvated environment. In the original X-ray crystal structure of Top1 in covalent complex with DNA by Redinbo et al. [7] , their Top1 started with amino acid 175, however, the first residue to be resolved was Ile 215 . In order to determine whether the N-terminus of the functional domain was Ile 215 , Top1 was first truncated to amino acid 214 to give Top65 (Figure 2 ). The native Gly 214 was included in Top65 to allow the initiator methionine residue to be removed by an endogenous protease during protein expression in insect cells [24] . The resulting Top65 was purified via anionexchange chromatography from the cytoplasm of insect cells. Interestingly, Top65 did not bind to cation-exchange medium. This was unexpected since the Top1 used by Redinbo et al. [7] bound to cation medium and not anion medium. After dialysis to remove the elution salt, Top65 was found to be 1000-fold lower in activity ( Figure 3A ) than a Top1 containing an NLS (Top69NLS; Figures 2 and 3B ). In addition, Top65 was distributive in relaxing supercoiled DNA in that it only removed one to several supercoils before religating the DNA, and so left a broad ladder of partially relaxed supercoiled DNA at lower concentrations of enzyme ( Figure 3A ). Only at the highest concentration of Top65 (3 µM) was the supercoiled DNA fully relaxed in 20 min, resulting in the accumulation of four dominant fully relaxed DNA isomers that differed in helicity by one turn (+/−) of the helix ( Figure 3A) . These results indicated that one or more Top1 residues in between amino acids 188-214 were important for Top1 structure and function. Lisby et al. [16] reported the importance of NLS 4 (amino acids 191-197) for full in vitro function of Top1, whereas Frohlich et al. [25] reported that a Top1 containing amino acids 203-765 retained sensitivity to CPT and processivity and that this indicated that the major part of the N-terminal domain was dispensable for controlled strand rotation [25] .
An in silico analysis of Top1 was first carried out in order to clarify the role of residues in Top1 structure that were not resolved by X-ray crystallography. The first residue resolved in the Top1-DNA-inhibitor structure by Staker et al. [23] was Gln 201 ; however, of the side-chain atoms, only the C-β was resolved [23] . In the present study we built out the Gln 201 side chain and then extended the N-terminus to include Glu 198−200 to determine at what point these residues stopped interacting with the functional domain residues. After minimization it was found that the Gln 201 side chain OE1 and His 346 ring ND1 were within range to make an electrostatic interaction at 3.5 Å (1 Å = 0.1 nm) ( Figure 4A ). The interaction energy score between Gln 201 and His 346 (core subdomain/nose cone) was calculated and found to be − 4.08 kcal/ mol (− 0.99 Van der Waals, − 3.08 electrostatic). At the same time, Glu 198−200 were found to be solvent-exposed and to make no significant interactions with functional domain residues (results not shown). These findings are consistent with residues 175-200 always being disordered in Top1 structures [7, 14, 19, 23] . As a result, the N-terminal domain was defined as residues 1-200 and the functional domain was defined as residues 201-765.
Due to the in vitro results with Top65 as well as the above in silico experiments we decided to test the role of residues 189-200 (including NLS 4), compared with residues 201-214, on Top1 activity. The following Top1s were engineered: Top69NLS, amino acids 189-765; and Top68, amino acids 201-765 (Figure 2) . The recombinant Top1s were purified, all non-native amino acids were removed from their N-termini, and they were then tested for activity in relaxing supercoiled DNA ( Figure 3B ). Top69NLS and Top68 relaxed similar amounts of supercoiled DNA in the 20 min time course and both were highly processive, resulting in the accumulation of the four dominant fully relaxed DNA isomers at all time points ( Figure 3B ). This result indicated that the loss of one or more residues in between amino acids 200-214 was responsible for the 1000-fold lower activity of Top65 (amino acids 214-765; Figure 2 ) and distributive relaxation of supercoiled DNA ( Figure 3A) .
Inspection of amino acids 201-213 in a Top1-DNA-inhibitor X-ray crystal structure by Staker et al. [23] (Figure 2 ), although the N-terminal amino acids 175-200 of that Top1 were still disordered [23] . As shown in Figures 4 and 5 , a ringnitrogen-mediated hydrogen bond to the Asp 757 OD2 (C-terminus sub-domain/active site). We reasoned that the two aromatic stacking interactions and four electrostatic interactions made by the three tryptophan residues could act as an anchor to stabilize the N-terminus of the functional domain. The lack of the tryptophan anchor in Top65 could be responsible for the 1000-fold loss in activity and distributive relaxation of supercoiled DNA, as well as the change in the solution conformation of the enzyme as indicated by its chromatographic behaviour.
In the present study we first analysed [26] . In addition, the electrostatic energy was also reduced due to the loss of tryptophan-mediated hydrogen bonds/electrostatic interactions (Table 1 to Top65, Top68W/A also bound to anion-exchange medium. However, Top68W/A eluted from the column at a lower salt concentration than Top65 (150 mM KCl for Top68W/A compared with 260 mM KCl for Top65). This result indicated that the solution conformation of Top68W/A was also different from that of Top69NLS and Top68. In addition, after removal of the His-tag Top68W/A was found to gradually lose activity over a period of several weeks when stored in 50 % glycerol at − 20
• C, presumably due to irreversible unfolding of the protein since no degradation was detected by SDS/PAGE (results not shown). This indicated that the non-native His-tag stabilized the N-terminus of Top68W/A, probably through Van der Waals and electrostatic interactions with functional domain residues. When Top68W/A, without the His-tag, was tested for activity in a supercoiled DNA relaxation assay it was found to give a remarkably broad distribution of partially relaxed supercoiled DNA at early time points. However, many of the partially relaxed DNA isomers were not clearly visible due to their relatively low individual concentrations ( Figure 3B ; compare the 5 min lanes for Top68 and Top68W/A for supercoiled DNA and partially to fully relaxed DNA isomers). At the later time points for Top68W/A the fully relaxed DNA isomers accumulated ( Figure 3B ). The concentration of Top68W/A used in the assay was 4-fold greater than Top69NLS and Top68, so that Top68W/A completely relaxed the supercoiled DNA within the 20 min time course. These results indicated that Top68W/A relaxed supercoiled DNA distributively, like Top65, in that it only removed from one to several supercoils from the DNA before dissociating ( Figure 3B ). In contrast, Top69NLS and Top68 relaxed supercoiled DNA processively in that they dissociated from the DNA only after it was fully relaxed ( Figure 3B ). The supercoiled DNA relaxation assay results for Top68W/A suggested that the loss of the Van der Waals and electrostatic interactions made by Trp 203 /Trp 205 /Trp 206 , due to their mutation to alanine, destabilized the N-terminus of the functional domain in vitro (Figure 4) . Interestingly, Frohlich et al. [27] mutated Trp 205 to glycine and that resulted in a Top1 that had similar activity to wild-type Top1 on positively supercoiled DNA [27] . This lack of effect by the single W205G mutation supports our mutation of Trp 203 /Trp 205 /Trp 206 to alanine. The sensitivity of the Top1 constructs to inhibition by CPT in a supercoiled DNA relaxation assay were next tested. Top69NLS and Top68 were inhibited by nearly 100 % by 10 µM CPT. In contrast, Top68W/A was only partially inhibited by CPT and so a significant fraction of the supercoiled DNA was relaxed after 20 min ( Figure 3C ). The resistance of Top68W/A to CPT was quantified using a 33-mer dsDNA containing a high-affinity Top1-cleavage site ( Figure 6A ) [22] . Top69NLS, Top68 and Top68W/A were assayed on the dsDNA in the presence of 10 µM CPT ( Figure 6B ). When the amount of the Top69NLS 23-mer oligonucleotide cleavage product was set to 100 %, Top68W/A was found, on a per-molecule basis, to be inhibited 9-fold less by CPT. This result takes into account that a 4-fold molar excess of Top68W/A, relative to Top69NLS and Top68, was used in the dsDNA assay. The 4-fold greater Top68W/A concentration was used to be consistent with the concentration used in the supercoiled DNA assays. The resistance of Top68W/A to CPT is probably due to it making fewer stable Top68W/A-DNA covalent complexes for CPT to trap in either a supercoiled DNA relaxation assay or dsDNA cleavage assay ( Figures 3C and 6B ). When Frohlich et al. [27] tested their Top1 W205G mutant for resistance to CPT on positively supercoiled DNA it was found to be as sensitive as wild-type Top1; however, the mutant had resistance to CPT when assayed on negatively supercoiled DNA. The Frohlich et al. [27] W205G mutation would weaken the tryptophan anchor (Table 1 ) and the Trp 205 ring nitrogen is 3.8 Å from the Ser 432 backbone oxygen [23] . Ser 432 is part of the hinge region loop (amino acids 429-436) and in silico studies have indicated that Top1 interacts differently with positively compared with negatively supercoiled DNA, including that the hinge region loop extends during relaxation of negatively supercoiled DNA [28] .
We thought that if the N-terminus of Top68W/A was destabilized it would be sensitive to a non-ionic denaturing agent like urea. Urea allows the unfolding of hydrophobic regions of proteins including β-sheet and extended conformations, but not α-helical regions [29] . Urea has been utilized in vitro to test the stability of other enzymes in which the N-termini were modified [30] . As a result, the enzymatic stability of Top68W/A was tested in a supercoiled DNA relaxation assay in the presence of increasing concentrations of urea. Although 0.8 M urea had no effect on Top69NLS and Top68, it dramatically reduced the activity of Top68W/A ( Figure 3D The tryptophan anchor is contained within a WKWW motif (Figures 1 and 2) , and we were interested in seeing whether this motif was found in other topoisomerases. When all published Top1 amino acid sequences were analysed, a WXWW motif (where X indicates any amino acid) was found between the respective N-terminal domain and functional domain of nuclear Top1s from slime mould to humans (Figure 7) , with the exception of plant and bacterial Top1s (see below Tyr 131 may make similar stacking and side chain hydrogen-bond interactions as does human Top1 Trp 203 , although the threedimensional structure of S. cerevisiae Top1 amino acids 131-136 has not been reported.
The WXWW motif was not found in plant topoisomerases including Arabidopsis thaliana and this is consistent with the corresponding N-terminal domain and junction region sequences having low sequence identity with human Top1 [32] . However, starting with Arabidopsis thaliana Top1 amino acid 370 and human Top1 amino acid 216, the Top1s do have regions of high sequence identity within the functional domain [32] . In the case of bacterial Top1, the structures of two bacterial Top1s have been resolved by X-ray crystallography and include the complete N-termini [33, 34] . Since these bacterial Top1s do not have an extended/unstructured N-terminal domain, as does human Top1, they may not need a tryptophan anchor and this is supported by the fact that they lack a WXWW motif [33, 35] .
The human Top1 nose cone α-helices contain four lysine residues (310/317/324/328) and Arg 316 that do not hydrogen bond with fully relaxed DNA ( Figures 4A and 4B ) [14] . However, they have the potential to interact with supercoiled DNA [19] . Interaction of the four nose cone lysine residues and Arg 316 with supercoiled DNA may prevent Top1 from dissociating from the DNA until it is fully relaxed, at which point we propose that those hydrogen-bond interactions would be lost and so favour the dissociation of Top1 from the fully relaxed DNA. At the same time the Top1 active site is involved in recognizing when DNA is fully relaxed via the rotated + 1 deoxynucleoside [8] [9] [10] . Since Top65 and Top68W/A lack the tryptophan anchor, the N-termini of the respective functional domains may be destabilized with their N-termini becoming solvated and so exposing the backbone carbonyl oxygens. The backbone carbonyl oxygens, each with a partial charge of − 0.27, are the dominant backbone charge and their exposure could be responsible for the fact that Top65 and Top68W/A bound to anion-exchange medium and not cationexchange medium. In contrast, Top69NLS and Top68 both contain the tryptophan anchor and bind to cation exchange medium. The end result for Top65 and Top68W/A may be that the nose cone, as well as the active site, loses the ability to sense when DNA is fully relaxed, resulting in Top65 and Top68W/A religating 'partially relaxed' supercoiled DNA ( Figures 3A and 3B) . The results support the conclusion that the tryptophan anchor stabilizes the N-terminus of the functional domain and prevents loss of Top1 structure and function in vitro.
A similar experimental approach, using structure-directed mutagenesis and in vitro urea denaturation assays, was used to study the human extracellular matrix proteins fibronectin and tenascin. Fibronectin and tenascin both contain multiple fibronectin type III domains (fnIII) each of which contains several 'anchors' that are held together by networks of Van der Waals and electrostatic interactions (reviewed by Vogel [36] ). The anchors of the fnIII domains break sequentially, under strain, to allow stepwise lengthening of the protein [37, 38] . When Cota et al. [39] mutated Tyr 36 to an alanine residue in the third fnIII domain of tenascin the anchor was destabilized and resulted in a 2.8-fold increased sensitivity to urea denaturation [39] . However, in contrast with the fnIII anchors, the Top1 tryptophan anchor is required to stay assembled to prevent loss of the functional domain structure and function.
In vivo the Top1 N-terminal domain needs to be unstructured to allow access to nuclear import receptors and nucleolin [40] [41] [42] . In addition, the N-terminal domain anchors Top1 to nucleoli fibrillar centres, and nucleolar organization regions, of mitotic chromosomes [43] . Interestingly, Top1 functional domain subdomains have been shown in silico to undergo dynamic motions of up to 80-90 Å in the absence of DNA [44] . When Top1 is anchored to a chromosome via the N-terminal domain, and the functional domain is undergoing dynamic motion either in the absence of DNA, or in the process of binding and relaxing supercoiled DNA, the potential exists for the N-terminus of the functional domain to be strained (Figure 4 ). When Christensen et al. [17] deleted residues 190-210 of Top1, including the tryptophan anchor, and analysed the construct in vivo it was found to be insensitive to CPT treatment [17] . This result is consistent with our in vitro results shown in the present study which demonstrated that mutation of Trp 203 /Trp 205 /Trp 206 to alanine resulted in Top68W/A that was 9-fold less sensitive to CPT inhibition ( Figure 6 ). Together, these results support the proposal that the Top1 tryptophan anchor plays a key role in stabilizing the N-terminus of the functional domain as well as the nose cone and active site in vitro and in vivo, resulting in a highly processive enzyme which as a consequence of the processivity is sensitive to inhibition by CPT.
